This study examined the characteristics of geopolymer with solar panel waste glass. After 28 days of curing, the compressive strengths of the geopolymer samples containing 10 mass % and 20 mass % solar panel waste glass were 63.3± 1.8 and 49.1 ± 2.2 MPa, respectively. The geopolymer sample with 10% solar panel waste glass exhibited a stronger reaction than that with 20% solar panel waste glass, and the strength decreased as the amount of solar panel waste glass increased. Thermo-gravimetric and differential thermal analysis (TG/DTA) results showed that the mass loss of geopolymer after heating declined as the amount of solar panel waste glass increased. The principal peaks in the Fourier transformation infrared spectroscopy (FTIR) spectra correspond to the Si-O-Al bond in geopolymer. Scanning electron microscopy (SEM) observations indicated that the microstructures of the stronger samples were more homogeneous, and the microstructures of geopolymer with 10% solar panel waste glass did not exhibit substantial deterioration. The experimental results indicate that solar panel waste glass has the potential to serve as a partial replacement of metakaolinite and exhibits favorable mechanic characteristics.
Introduction
Geopolymer is new class of building materials that is widely used worldwide in recent years. It is a type of three-dimensional aluminosilicate binder, which was developed by Davidovits (1991) . It is the product of the reaction of solid aluminosilicate with a highly concentrated aqueous alkali hydroxide or silicate solution. In a strongly alkaline solution, aluminosilicate is rapidly dissolved to form free SiO 4 and AlO 4 tetrahedral units. As the reaction proceeds, SiO 4 and AlO 4 tetrahedral units are linked by oxygen atoms to yield polymeric Si-O-Al bonds, the empirical chemical formula of which is shown in (Eq. 1), where M is an alkali metal cation, such as potassium and sodium, and n represents the degree of polycondensation; z is 1, 2, 3 (Khale and Chaudhary, 2007) .
Geopolymer is an aluminosilicate material with several properties, including effective acid and fire resistance, compressive strength, durability, and an ability to immobilize toxic and radioactive materials (Duxson et al., 2007a; Komnitsas and Zaharaki, 2007; Palomo et al., 1999; . Interest in geopolymer has increased in recent years because of its wide range of potential applications in civil engineering and several other industrial sectors (Andini et al., 2008; Rovnanik, 2010; .
In recent decades, the reuse and recycling of industrial solid wastes and municipal solid wastes have attracted substantial interest in Taiwan (Chiang et al., 2010; Chow et al., 2008; Ghosh and Ghosh, 2013; Lin et al., 2009 Lin et al., , 2011 Popovici et al., 2013) . According to Taiwan's Environmental Production Administration (EPA), 0.75 million tons of garbage was disposed in 2006, 5.84% of which was waste glass (Lin, 2007) . The cumulative amount of waste glass that was dumped into landfills in Taiwan is approximately 0.52 million tons, whereas the amount of solar panel waste glass has reached 1000 tons. A solar panel includes crystalline silicon and a thin film. The most established thin film solar panel technology is based on amorphous silica (a-Si).
The demand for solar panels will increase the amount of produced solar panel waste glass. The conventional treatment of solar panel waste glass involves the landfill process; however, landfilling is not a favorable option because it imposes a considerable financial burden on foundries (Liao, 2009 ) and makes them liable for future environmental costs and problems, as required by the landfill regulations.
Solar panel waste glass comprises mainly SiO 2 and can be used to prepare geopolymer. This study examined the characteristics of geopolymer that contains solar panel waste glass. The results of this study will contribute to the promotion of solar panel waste glass recycling technologies to help to achieve the goal of sustainable development and establish a recycling society with zero discharge.
Materials and methods

Materials
The geopolymer was synthesized from metakaolinite, which was prepared by calcining kaolinite from Pei-Long Enterprise CO., LTD. in Taiwan at 650 o C for 3 h. Solar panel waste glass was collected from a solar panel manufacturing plant in Taiwan. The main constituents of raw materials were showed in previous study (Gao et al., 2014) . The solar panel waste glass was ground to a Blaine fineness value of approximately 360 m 2 kg -1 . The resultant pulverized solar panel waste glass was desiccated before being tested.
Experimental procedure
NaOH and sodium silicate solution were mixed using an electrical mixer for five minutes and cooled to room temperature. Then, the activator was added to the metakaolinite and the powdered solar panel waste glass, and stirred for another ten minutes. The homogenous slurry was then poured into cubic plastic moulds with a volume of 50 mm × 50 mm × 50 mm.
Samples were cured in a laboratory oven at 30 o C and an ambient pressure for 24 h before they were removed from the moulds. Experiments were carried out on the mechanical strength of the samples after the specified number of days of curing. 
Blend ratios of the geopolymer paste samples
Analytical methods
The following major analyses of the geopolymers with and without solar panel waste glass were performed.
(1) Compressive strength tests were performed after 1, 7, 14 and 28 days using a 50 mm × 50 mm × 50 mm cubic sample, according to ASTM C109.
(2) Chemical composition: The samples were tested by an automated RIX 2000 spectrometer.
(3) Mineralogy: The samples were characterized by X-ray diffraction (XRD) using the CuKα radiation on a Siemens D-5000 X-ray diffractometer 2θ scanning, ranging between 10° and 80° and the XRD scans were run at 0.05°-increments, with a 1 sec counting time.
(4) Fourier transformation infrared spectroscopy (FTIR) was carried out on samples using a Bomem DA8.3 spectrometer. .
(5) Scanning electron microscopy (SEM): the microstructure of the geopolymer was observed using a Hitachi S-3500N.
(6) Differential Thermal and Thermo-gravimetric Analysis (DTA/TGA): DTA/TGA analysis was done on a a Seiko SSC Model 5000 Thermal Analyzer at 25 o C / min heating rate in the 25 o C-1000 o C temperature range.
Results and discussion
Characteristics of raw materials
The main components of solar panel waste glass were amorphous, as revealed by their broad diffuse bands. The main crystalline component identified inKaolinite is quartz and (Al 2 [Si 2 O 5 ](OH) 4 ). During the transition from kaolinite to metakaolinite, the kaolinite structure disappeared and was amorphous. XRD patterns of raw materials are presented in the work of Hao et al. (2013) . Table 1 as a function of S/L (S/L: powder of metakaolin and solar panel waste glass to alkali solution ratio). The compressive strength increased in conjunction with S/L for a specific curing time. The compressive strength of the geopolymer increased as curing time (except for S/L= 0.6 and S/L = 0.4 at 28 days). The strength increased rapidly after the first 24 hours, and subsequently increased slowly. The relationship between silica and alumina in the metakaolin-based geopolymer system is responsible for the increase in strength (Somna et al., 2011) . The compressive strength of geopolymer at an S/L of 0.6 or 0.4 decreased after 14 days, because the geopolymer contained excess water at a low S/L. At 1-day and 28-days, the strength of the geopolymer with an S/L of 0.8 was 42.12 and 48.34 MPa, respectively (slightly lower than for the geopolymer with an S/L of 1.0); when the S/L was 1.0, the mixtures were sticky and difficult to pour into the mold. Therefore, from a practical point of view, the optimal S/L was 0.8. The effect of Ms on the strength was similar to that of S/C series, and increased in conjunction with curing time. The compressive strength of the geopolymer increased in conjunction with Ms. The increase in the strength of the geopolymer in conjunction with the silica content may have occurred because Si-O-Si bonds are stronger than Si-O-Al bonds (Duxson et al., 2005) . The graph shows that the strength of geopolymer with an Ms of 1.75 was 56.02 MPa at 1-day and 71.42 MPa at 28-days. The results indicate that geopolymer with a higher Ms had a higher compressive strength. Therefore, the optimal Ms was 1.75. The compressive strength decreased as the amount of solar panel waste glass increased, because the excess solar panel waste glass, which supplied the silica, reduced the aluminum that was in metakaolinite; therefore, it was more difficult to synthesize the aluminosilicate. Therefore, the optimal amount of waste glass in the geopolymer was 10%, which demonstrated the use of waste glass in the geopolymer mixture by partial substitution of costly metakaolinite with the cheaper waste glass without considerable deterioration of the geopolymer. 
Compressive strength of geopolymers with and without solar panel waste glass
Differential thermal and thermogravimetric analyses of geopolymers with and without solar panel waste glass
Water is a crucial structural component of a geopolymer. The loss of mass of a geopolymer may be attributed to the evaporation of absorbed and bonded water. The absorbed water is lost at temperatures less than 100 o C; increase of temperature results in shrinkage and damages the geopolymer structure (Daniel et al., 2008) . The remaining water is either bound tightly or is less able to diffuse to the surface and continues to evaporate slowly at higher temperatures (Riessen, 2007) . The continuous weight loss up to almost 500 o C is caused by the evaporation of hygroscopic water or water residing in the channels (Perraki et al., 2005) .
TG/DTA was used to determine the mass loss of the geopolymer with solar panel waste glass for S/L 0.8 and Ms 1.75. Fig. 5 shows the DTA curves of geopolymer with solar panel waste glass after 28 days of curing. An endothermic peak of the DTA curve was observed at approximately 100-400 o C, revealing an obvious mass loss. This peak was mainly associated with the evaporation of free pore water (Duxson et al., 2006) . The second endothermic peak appeared from 480 to 600 o C; the endothermic peak can be caused by the elimination of water by condensation of silanol or aluminol groups on the surface of the geopolymeric gel. Eq. 2 shows the exothermic reaction, where T is either Al or Si (Duxson et al., 2007b) . No apparent mass loss of metakaolinite geopolymer was observed from 650 to 770 o C.
≡T-OH + HO-T≡
The TG of the geopolymer with solar panel waste glass followed a similar trend to that of pure metakaolinite geopolymer. When the amount of waste glass reached 40%, the endothermic peaks at approximately 600 o C and 770 o C, associated with the condensation of silanol and aluminol groups of the gel, were more obvious than those of other geopolymers, because the geopolymer with 40% waste glass comprised gel and unreacted waste glass, which does not yield an endothermic peak at the relevant temperature. Therefore, the endothermic peak is more obvious than that obtained from any other geopolymer, the signals from which may be disturbed by the unreacted metakaolinite. Geopolymers with 30 and 40% of waste glass, the third endothermic peak appeared from 650 to 770 o C. It was the nucleation temperature of waste glass (Tulyaganov et al., 2002) , because the geopolymer with 30 and 40% waste glass comprised unreacted waste glass. The results are consistent with several studies, which observed lower loss of mass at higher temperatures (Duxson et al., 2006) .
At 28 days, the mass losses at 100-400 o C of the pure metakaolinite geopolymer and the geopolymers with 10% and 40% waste glass were 17.75%, 19.75%, 19.36%, respectively. After heating to 480-600 o C and 650-770 o C, the mass loss of the geopolymer with 40% waste glass was 6.09% and 1.67%. At a specific curing time, the mass loss by the evaporation of free pore water and condensation of silanol or aluminol groups in the gel for the geopolymer indicated that the mass loss can be reduced by increasing the amount of waste glass. This observation is consistent with the development of compressive strength. Fig. 7 shows the FTIR spectra of the geopolymers that contained solar panel waste glass for S/L 0.8 and Ms 1.75. Table 2 shows the absorption peak of the geopolymer after curing for 28 days. Table 2 shows the peaks around 3420 cm -1 and 1680 cm -1 in the FTIR spectrum of the geopolymer are associated with the adsorbed water that remained in the geopolymer sample after polycondensation. Fig. 7 shows the peaks around 1033 and 1009 cm -1 correspond to the individual tetrahedra asymmetric stretching of Al-O and Si-O bonds. However there is a slight shifting of 1008 cm -1 peak towards higher wave-numbers which might be the result of the formation of a structure at which the SiO 4 4-groups are replaced by AlO 4 3-groups as network formers. These bonds exhibited higher wavenumbers than raw materials, which indicated that the bonding structures changed in individual tetrahedral (Van Jaarsveld et al., 2002) . The peaks around 810 and 539 cm -1 were associated with the Si-O-Al vibration of the geopolymer, indicating that the principal peaks were associated with the Si-O-Al bond in the geopolymer following geopolymerization (Barbosa et al., 2000; Van Jaarsveld et al., 2002) .
FTIR spectra of geopolymers with and without solar panel waste glass
During alkali activation of metakaolinite, major disruption of the Al environment is indicated by the loss of the Si-O-Al band at 810 cm -1 which is replaced by several weaker bands in the range 600-800 cm -1 (Barbosa et al., 2000) . The study results (Table 2) -1008  1031  1087  Metakaolinite  474  540  811  --1036  1068  Kaolinite  470  540  -915  1008  1031  0%  470  547  --1012  1036  10%  464  540  --1010  1029  20%  468  543  --1006  -30%  -543  --1012  1033  40%  -545  --1012 kaolinite and metakaolinite, the microstructures of which included an obvious interface and large pores. A previous study indicated that the main components of geopolymers are unreacted aluminosilicate particles and the gel phase (Kumar and Kumar, 2011; Lloyd et al., 2009 ). The observed gel with an amorphous structure is present in the geopolymer system and adheres to the product and unreacted particles. A geopolymer with more gel is denser, has a more homogenous microstructure and higher mechanical strength (Matthew and Brian, 2003) . The structure of the geopolymers with 10% waste glass was similar to that of the pure metakaolinite geopolymer, which was dense and homogenous. The SEM micrographs of the geopolymer with 30% and 40% waste glass differed considerably.
The main microstructure of geopolymer with 30% and 40% waste glass was inhomogeneous and non-compact, with unreacted material and several pores. These results suggest that the microstructures of stronger samples were more homogeneous and the microstructures of weak samples were highly inhomogeneous and incompact.
Conclusions
This study demonstrated the use of solar panel waste glass as a partial substitute for metakaolinite in the production of geopolymers. At 28 days of curing, the compressive strengths of geopolymers with 10% and 20% waste glass were 63 and 50 MPa, respectively. FTIR spectra indicated that the principal peaks were attributable to Si-O-Al bonds in the geopolymer. These results indicated that the optimal amount of waste glass in the geopolymer was 10%, which demonstrated the use of waste glass in the geopolymers by partial substation of costly metakaolinite with the cheaper waste glass without considerable deterioration of geopolymer.
